ABSTRACT It is not known why the coronary arteries almost always originate only from the right and left aortic sinuses of Valsalva, since the structure and conditions appear to be the same for all six sinuses of the embryonic great arteries. We sought a possible mechanical explanation for the phenomenon by studying the development of 
IT IS A MATTER of observation that the coronary arteries almost always arise from the aorta, and more specifically, that they almost always originate from the two sinuses of Valsalva adjacent to the pulmonary trunk. The reason for this is not evident from review of the sequence of developmental processes in human embryos.'-' Examination of the outflow tract and great artery area of normal human embryos in the Carnegie Embryological Collection suggests that the conditions around all six embryonic sinuses of Valsalva of the great arteries are similar at the time that the coronary arteries arise selectively from the right and left aortic sinuses in Carnegie stage 18 .' There are only a few reports describing the sequential changes in development of the coronary circulation in staged human embryos,9 10 and these studies are in disagreement as to the observations on formation of the aortic-to-coronary artery connection. There are several studies on the sequential development of the cardiac vasculature in chickens, rodents, and other species,'1"16 but these do not address the question of coronary artery origin and are, in any case, difficult to compare to cardiogenesis in staged human embryos since the reported observations differ from those in human embryos. To examine the sequences of formation of the coronary vasculature and possible mechanisms that could account for the site of origin of the coronary arteries, we reviewed a large series of serial histologic sections of human embryos and prepared three-dimensional reconstructions of selected specimens.
Materials and methods
The serial histologic sections of 351 normal human embryos of Carnegie stages 9 through 23 in the Carnegie Embryological Collection at the University of California, Davis, were examined through the courtesy of Dr. Ronan O'Rahilly, Director of the Carnegie Embryological Laboratories. Most of the embryos in this collection have been catalogued. 17-22 Embryos were examined histologically and the presence or absence of a number of anatomic features, especially of the cardiovascular system, was recorded. To prepare three-dimensional reconstructions, the histologic sections of selected embryos were photomicrographed on Kodak Technical Pan 2415 film with use of a 35 mm camera mounted on a Leitz microscope with either a 1.0 X or 2.5 x objective lens. The number of photomicrographs for each embryo varied from every section to every fifth section in the sequence, depending on section thickness, size of the embryo, and rapidity of change in the anatomic relationships between CIRCULATION adjacent sections. Images were prepared of the sections by projecting the negative and tracing the structures of interest. Alternatively, the negatives for each section used were placed on a 3M "800" microfiche-reader-printer, which magnified the image 94 times. The best exposure was determined and a print was made. The vertebral column and body wall were used for registration. 
Results
The presence or absence of anatomic features of the outflow tract region of the heart and the coronary vasculature of the 351 embryos of Carnegie stages 9 through 23 judged to be in good condition and reviewed for this project are detailed in their earliest appearance, the structures are round and have no discernible connection with other islands or with the cavity of the ventricle. The first islands that are seen occur near the ventricular apex in the interventricular sulcus; subsequently they occur in the atrioventricular sulcus and then over other regions of the ventricles. With proliferation of the islands, they coalesce and form the rudiments of a network of vascular channels. The location of the first-formed islands suggest that they form preferentially in the sulci or indentations of the epicardial surface.
It seemed possible that the appearance of the epicardial blood islands was a function of increasing thickness of the compact portion of the myocardium, thereby removing the outer layers further from the intracavitary blood by the interposition of more muscle. To examine this question, the thickness of the compact layer and the distance from the epicardial to the endocardial surface was measured from the available photomicrographs of embryos of stages 9 through 16. The difference between the thickness of the compact myocardium and the endocardial-to-epicardial distance was the thickness of cardiac jelly that could be discerned in the photographs. Surprisingly, the results showed that appearance of the epicardial plexus correlated with the disappearance of cardiac jelly and not with increased wall thickness (table 2). The thickness of the compact part of the myocardial wall showed little change during the period when the plexus appeared, and the overall distance from the chamber cavity to the epicardium actually decreased. All stage 14 and 15 embryos with capillaries, 15 
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Values are mean + SE. BIs = blood islands.
1252 CIRCULATION to why the coronary arteries should consistently arise from these two sites. No histologic distinction was found between any of the six sinuses of Valsalva before the appearance of the coronary arteries. The possibility that coronary artery origin could be related in some manner to the development of the innervation of the heart was examined. A plexus of nerves could be identified on the great arteries in some embryos before the appearance of the coronary arteries. However, in other embryos with the coronary arteries present, this plexus was not seen. These variations may be largely explained as being the result of differences in fixation and staining of the specimens. When the nerves were clearly identifiable, as in some embryos prepared with the Masson connective tissue stain, no localization of the nerve plexus to the adventitia of the sinuses of Valsalva that give rise to the coronary arteries could be appreciated. The distribution of the nerves appeared to be entirely random with regard to the two great arteries and their sinuses.
The possibility that an anatomic configuration distinguished the two sinuses of Valsalva that give rise to the coronary arteries from the four that do not was suggested during the course of following the great arteries in the sequential serial histologic sections. The impression was gained that the aortic sinuses where the coronary arteries arose had a saddle-shaped configuration, and that the other sinuses were either outwardly convex or straight. To examine this impression further, the outflow tract-great artery relationships of two embryos were examined by isometric triaxial reconstructions. One embryo was of stage 17 18 and had coronary arteries ( figure 1) . The results were the same for both embryos. The two aortic sinuses of Valsalva adjacent to the pulmonary trunk were shaped in such a manner that the curvature in the axial or longitudinal direction was outwardly concave and the curvature in the transverse or circumferential direction was outwardly convex. In contrast, the area of the noncoronary aortic sinus was outwardly convex in both the longitudinal and transverse directions. The three sinus of Valsalva regions of the pulmonary trunk were outwardly convex in the transverse direction and slightly convex or nearly straight in the axial direction. To further examine this matter, the same regions of six other stage 18 embryos were reconstructed by the computer and the three-dimensional images were positioned in anterior, superior, and lateral views (figure 2). The results in these six embryos showed the same configurations of the sinuses of Valsalva described above. Review of the serial histologic sections of the stage 17 and 18 embryos that had not been reconstructed also confirmed the presence of the different configuration of the aortic sinuses adjacent to the pulmonary trunk, from which the coronary arteries normally arise, as compared with the configurations of the other aortic and pulmonary sinuses. 
Discussion
This study shows that there is a distinct progression in the development of the coronary vasculature. The earliest appearance of a coronary vascular bed is a group of round blood islands on the epicardium of the interventricular sulcus near the ventricular apex. These blood islands develop preferentially in the sulci of the heart, increase in number, and form a rudimentary plexus. The appearance of the blood islands follows the disappearance of the layer of cardiac jelly between the endocardium and myocardium, which is accompanied by a reduction of the endocardial-to-epicardial distance. Approximately one stage after the islands first appear, a venous connection is established between the coronary sinus and the plexus, and the latter becomes less prominent, presumably as a result of drainage of its contents. In stage 18, well after the appearance of the venous connection, an arterial con-1254 nection to the epicardial plexus is established, with formation of the coronary artery ostia in the two aortic sinuses of Valsalva adjacent to the pulmonary trunk. The coronary arteries of the normal embryonic heart uniformly arise from these juxtapulmonary sinuses.
We saw no clear evidence of any abortive budding, channeling, or other precursors of the coronary arteries in any of the sinuses before the appearance of the definitive connections.
The only anatomic feature we have found that could account for the selective origin of the coronary arteries from the two juxtapulmonary sinuses is the different shape of these two sinuses as compared with the other four. They have a saddle-shaped or catenoidal configuration and differ from the other aortic sinus and the three pulmonary sinuses, which are outwardly convex in shape. The importance of the catenoidal configuration is that it would produce an increase in the tension CIRCULATION in that component of the wall as compared with tension in portions with an outwardly convex shape, provided there is a uniform transmural pressure difference across the walls of the great arteries. A catenoid is a surface generated by rotation of a catenary, the curve of repose of a chain suspended at both ends, around an axis ( figure 3) . The catenoid has the property that all points on its surface have orthogonal radii of curvature that are equal but opposite in direction; in effect, all points on the surface of a catenoid have net zero curvature. According to the Laplace relation, the pressure of a fluid contained within a membrane is a function of the tension in the membrane and its curvature. 24 25 Given equal transmembrane pressure differences, then the tension in a highly curved membrane will be less than that in a membrane with a lesser curvature. Applying these same considerations to a tissue membrane such as a blood vessel wall would suggest that where the curvature resembles the catenoid, i.e., has a saddle shape with a low net curvature, the wall tension will be greater than where the wall has a more positive curvature. We postulate that the explanation for the consistent origin of the coronary arteries from those sinuses with a catenoidal configuration is an increase in mural tension compared with that in the other potential sinuses of origin.
The anatomic observations of this study are largely in agreement with those of Hirakow,9 who studied 52 staged human embryos in the collection at Kyoto Uni- tions on endothelial budding.26 As noted above, our observations are more similar to those of Hirakow; we did not find convincing evidence of abortive vessels arising in the pulmonary or noncoronary aortic sinuses of Valsalva. We did observe small indentations of the endothelium into the arterial walls similar to those illustrated by Conte and Pellegrini and by Hackensellner, but we interpreted these areas as being secondary to changes that could have occurred with cessation of blood flow and contraction of the vessel or from preparation of the histologic sections. However, since the coronary arteries presumably do arise by endothelial outgrowth from the juxtapulmonary aortic sinuses, it is attractive to speculate that such attempts at endothelial outgrowth are occurring throughout the sinuses but succeeding only where wall tension is elevated because of a saddle-shaped configuration.
Descriptions of the development of the coronary vasculature in other species emphasize the establishment of epicardial coronary vessels from the sinusoids with the eventual loss of capillary-sinusoidal connections.11-16 This phenomenon seems to be rare in the human embryo. We failed to encounter a single unequivocal example of a connection between the epicardial coronary vessels and the ventricular chambers in the specimens studied. There have been a number of reports of coronary-cameral fistulas occurring as abnormalities in the human heart, but evidence that these represent the persistence of a normal phase of development comes from comparative embryology.12 In humans, the first traces of the coronary vasculature are the distended blood islands that subsequently deflate with establishment of the venous connection. If the epicardial islands were derived from and in continuity with the cavity it would seem less likely that they would show this early and uniform distention.
If indeed the location of the coronary artery ostia is determined by the configuration of the roots of the great arteries, it would be reasonable to expect that in those situations in which the coronary arteries arise from ectopic sites there may have been an alteration in the normally catenoidal shape of the sinus. In transposition of the great arteries, the coronary arteries most commonly arise from the juxtapulmonary aortic sinuses, even though the relative positions of the great arteries on the heart are altered. It is possible that in this condition the aortic root still retains a catenoidal shape for the sinuses of origin of the coronary arteries during the critical stages of development. This question cannot be answered at present.
In conclusion, the normal coronary vasculature of the embryonic human heart begins as a group of epi- 
